A total of 90 bacterial strains were isolated from the sea surface microlayer (i.e., bacterioneuston) and underlying waters (i.e., bacterioplankton) from two sites of the northwestern Mediterranean Sea. The strains were identified by sequence analysis, and growth recovery was investigated after exposure to simulated solar radiation. Bacterioneuston and bacterioplankton isolates were subjected to six different exposure times, ranging from 0.5 to 7 h of simulated noontime solar radiation. Following exposure, the growth of each isolate was monitored, and different classes of resistance were determined according to the growth pattern. Large interspecific differences among the 90 marine isolates were observed. Medium and highly resistant strains accounted for 41% and 22% of the isolates, respectively, and only 16% were sensitive strains. Resistance to solar radiation was equally distributed within the bacterioneuston and bacterioplankton. Relative contributions to the highly resistant class were 43% for ␥-proteobacteria and 14% and 8% for ␣-proteobacteria and the Cytophaga/Flavobacterium/Bacteroides (CFB) group, respectively. Within the ␥-proteobacteria, the Pseudoalteromonas and Alteromonas genera appeared to be highly resistant to solar radiation. The majority of the CFB group (76%) had medium resistance. Our study further provides evidence that pigmented bacteria are not more resistant to solar radiation than nonpigmented bacteria.
The marine air-water interface constitutes a unique microbial habitat (29, 34) . Microorganisms in the surface microlayer are exposed to high intensities of solar radiation, in particular UV radiation, high concentrations of toxic organic substances and heavy metals, and unstable temperature and salinity conditions (16, 45) . Despite these harmful conditions, the surface microlayer has been reported to have higher abundances of microorganisms than underlying waters (1, 16, 34) . This suggests that the bacterioneuston (i.e., the bacterial community of the surface microlayer) has developed strategies to survive in this "extreme environment."
The effect of UV radiation on the ecology of microorganisms has been studied in detail with aquatic systems (14) . Each type of UV radiation causes distinct but overlapping types of damage (24) . UV-A radiation (320 to 400 nm) causes only indirect damage to cellular DNA, proteins, and lipids by catalyzing the intracellular formation of chemical intermediates such as reactive oxygen species (ROS). In contrast, UV-B (280 to 320 nm) radiation causes direct DNA damage by inducing the formation of DNA photoproducts, of which the cyclobutane pyrimidine dimers and the pyrimidine (6-4) pyrimidinone photoproducts are the most common.
Bacteria are particularly vulnerable to UV damage because their small size limits effective cellular shading or protective pigmentation (11) and their genetic material comprises a significant portion of their cellular volume (22) . Moreover, UVabsorbing compounds, such as mycosporine-like amino acids and scytonemin, that confer some protection to eukaryotic organisms and cyanobacteria appear not to be widespread antioxidant molecules in bacterioplankton (12, 38) . The potential ecological importance of pigmented bacteria was recently reinforced by the discovery of aerobic anoxygenic phototrophs (AAnPs) in surface waters (6, 27) and the presence of proteorhodopsin in some marine ␣-and ␤-proteobacteria (5, 9) . For the surface microlayer, larger percentages of pigmented bacteria, primarily red and yellow, have been reported (19) . It was suggested that pigments are important for the resistance of bacteria to solar radiation. However, a relationship between bacterial pigmentation and resistance to solar radiation has never been demonstrated thus far.
Results from field studies on marine bacteria indicate that exposure to natural solar UV radiation results in a decrease in total cell abundance, a reduction in amino acid uptake, a depression of the activity of degrading enzymes, and a significant inhibition of protein and DNA synthesis (21) . Bacterial activity can also be indirectly affected by solar radiation due to the photochemical transformations of dissolved organic matter. The exposure of dissolved organic matter to solar radiation can result in an increase or decrease in its biological reactivity, subsequently stimulating or inhibiting bacterial activity (36) . Most studies are based on measurements of metabolic activities of natural bacterioplankton communities, while studies of photobiological responses of marine bacterial species are scarce and have examined few isolates (3, 18, 23) . To our knowledge, the resistance of bacterioneuston to solar radiation has not been investigated thus far.
For the present study, we investigated the resistance of 90 marine bacterial strains to simulated solar radiation (UV and photosynthetically active radiation [PAR] ). These strains were isolated from both the sea surface microlayer and underlying waters collected from coastal waters in the northwestern Mediterranean Sea, and the isolates were classified according to their growth pattern following exposure to simulated solar radiation.
MATERIALS AND METHODS
Sampling and isolation of marine bacterial strains. Bacterial strains were isolated from coastal waters from the northwestern Mediterranean Sea during four field campaigns in March and September 2001 and March and June-July 2002. The surface microlayer was collected with different types of devices as described in detail by Agogué et al. (1) . Most of the surface microlayer samples were collected with a metal screen and a glass plate, and to a lesser extent, with a nylon screen, a Harvey roller, and two types of membranes (Teflon and polycarbonate) (1) . Samples from underlying waters were collected by submerging a polycarbonate bottle and opening it at a depth of 0.5 m. For isolation of the bacterial strains, 100-l subsamples were spread on marine agar 2216 plates (MA 2216; Difco, Detroit, Mich.). After incubation in the dark at 20°C for 7 to 14 days, isolates were selected from the plates according to differences in color and shape. Isolates were then picked and purified. The strains were named S, U, and SU when originating from the sea surface microlayer, the underlying waters, or both environments, respectively.
Molecular characterization of strains. The initial identification of each isolate was done by sequencing PCR-amplified regions of the 16S rRNA gene. For most of the isolates, the DNA suspension for PCR consisted of colonies picked from agar plates and resuspended in 500 l of sterile water. For refractory isolates (i.e., highly pigmented isolates and isolates with polysaccharides), cells were lysed and the DNA was extracted. Colonies were picked, resuspended in 500 l of lysis buffer (40 ). The thermal PCR profile was as follows: initial denaturation at 94°C for 3 min, followed by 30 cycles of denaturation at 94°C for 1 min, primer annealing at 48°C for 1.5 min, and elongation at 72°C for 1 min. The final elongation step was 5 min at 72°C. The 16S rRNA gene products were analyzed by electrophoresis in 1% agarose gels. Restriction fragment length polymorphism analysis was performed by digesting the 16S rRNA gene PCR products with the restriction endonuclease Hin6I (Eurogentec) at 37°C overnight, and the resulting electrophoretic patterns obtained in 2% agarose gels were used to group the isolates. The 16S rRNA gene products representing each distinct pattern were then sequenced with an automatic DNA analysis system (Genome Express, Meylan, France). Sequences were compared with sequences available in the GenBank database by using the BLAST (Basic Local Alignment Search Tool) service to determine their approximate phylogenetic affiliations (2) .
Characterization of solar radiation sensitivity. Bacterial isolates were grown in marine broth 2216 medium (MB 2216; Difco) on a laboratory shaker at 25°C, and cells were harvested in the early stationary phase by centrifugation (6,000 ϫ g for 10 min at 10°C). The pellets were washed twice with filtered and autoclaved seawater. The bacterial abundance was determined after staining with a nucleic acid dye (SYBR green I; final concentration, 0.01% [vol/vol]; Molecular Probes Inc., Eugene, Oreg.) on a FACS-Calibur flow cytometer (Becton Dickinson, Franklin Lakes, N. J.) using CellQuest software (28) .
To avoid self-shading during irradiation, bacterial suspensions were diluted to a final concentration of 10 4 cells per ml with filtered and autoclaved seawater. One milliliter of each diluted bacterial suspension was then dispensed in duplicate into a 24-well microtiter plate (Multiwell; Becton Dickinson) and exposed to simulated solar radiation at a distance of 30 cm. During exposure, the microplates were shaken at 100 rpm and maintained at a constant temperature (ϳ25°C) using a cooled plate. To determine possible contamination during the exposure period, 1 ml of filtered and autoclaved seawater was also dispensed into duplicate wells. Samples maintained in the dark were used as controls. Irradiation was conducted with a 1,000-W xenon lamp solar simulator (Oriel Corporation, Stratford, Conn.) equipped with AM0 and AM1 air mass filters. This set of filters allows the simulation of solar radiation at the earth surface. The intensities of UV-B, UV-A, and PAR measured with a broad-band Eldonet (European Light Dosimeter Network) radiometer (15) are presented in Table 1 . The hourly dose received by the solar simulator is comparable to the noontime hourly dose at Banyuls-sur-Mer, France (Table 1) .
Replicate microplates were removed after 0.5, 1, 2, 3, 5, and 7 h of exposure to simulated solar radiation, and 1 ml of concentrated (2ϫ) MB 2216 was added to each well to investigate the growth pattern of each strain following exposure. Microplates were incubated in the dark at 25°C with agitation (100 rpm), and bacterial growth was followed for 6 days. Bacterial growth was determined by measuring the optical density at 450 nm with an automated microplate reader (FLUOstar Optima; BMG Labtechnology, Offenburg, Germany).
Nucleotide sequence accession numbers. The sequences determined for this study were deposited in the GenBank database under accession numbers AY576689 to AY576777 (see Table 3 ).
RESULTS
Determination of different classes of resistance. We determined four classes of resistance according to the growth of the bacterial isolates following different exposure times to simulated solar radiation. Isolates not growing after 30 min of exposure were considered sensitive (S) strains (Fig. 1) . Isolates growing after 1 h of exposure, but not after 2 h, were considered weakly resistant (R) strains (Fig. 1) . Bacterial strains that grew after 2 or 3 h of simulated solar radiation, but not after 5 h, were considered to have a medium resistance (Rϩ) (Fig.  2) . Finally, highly resistant (Rϩϩ) strains were able to grow after 5 or 7 h of exposure (Fig. 2) . The class of highly resistant strains (Rϩϩ) displayed different responses with respect to the lag time of the growth curve, and therefore these strains were divided into three categories (C1, C2, and C3) ( Table 2) .
Overall, 46 and 23 strains were isolated from the sea surface microlayer and underlying waters, respectively, and 21 strains originated from both layers ( Table 3) . Most of the isolates (41%) had a medium resistance (Rϩ), whereas highly and weakly resistant strains represented 22% and 21% of the isolates, respectively (Table 3) . Only 16% of the strains were sensitive. Highly resistant strains (Rϩϩ) were isolated from the surface microlayer (n ϭ 10) or from both layers (n ϭ 10) (Tables 3 and 4) . No isolate collected only from underlying waters was highly resistant. A slightly larger fraction of the isolates from underlying waters (22%) were sensitive than that of isolates collected from the surface microlayer or both biotopes (17% and 5%, respectively) ( Table 3) .
Taxonomic affiliation of isolates. Exposure to simulated solar radiation revealed that 41% of ␥-proteobacteria were highly resistant, while only 14% and 8% of ␣-proteobacteria Similarly, only 9% and 15% of the Actinobacteria and the low-GϩC gram-positive (LGC) strains, respectively, were highly resistant to simulated solar radiation. A high percentage of the isolates (31% to 46%) of ␣-proteobacteria, Actinobacteria, and LGC strains belonged to the class of medium resistance (Table 3 ). The relative contribution of isolates with medium resistance was particularly high for the CFB group (76%). Within the Rϩϩ ␥-proteobacterial strains, the dominant genera were Pseudoalteromonas (61%) and Alteromonas (23%) ( Table 4 ). For the class of weakly resistant strains (R), the contribution of each taxonomic group varied between 8% and 29%. The LGC group showed the largest relative contribution to sensitive strains (S) (31%) ( Table 3 ). In contrast, strains belonging to the ␥-proteobacteria and the CFB group attributed only 9% and 8% of the sensitive strains (Table 3) .
No relationship was observed between the resistance to simulated solar radiation and the GϩC content of the species (Table 3 ). The Rϩϩ class was characterized by isolates with a GϩC content ranging from 35.5 to 62.4%. This range of values was similar to that of sensitive strains, which shared a GϩC content of 30 to 67%.
Pigmentation of isolates. The numbers of pigmented and nonpigmented strains were fairly similar (41 and 49 isolates, respectively). Overall, similar percentages of pigmented strains were isolated from the surface microlayer (43% of strains), underlying waters (48% of strains), and both layers (48% of strains). The majority of pigmented strains (53%) had a medium resistance (Rϩ), but pigmented strains had a smaller relative contribution (10%) to the highly resistant class (Rϩϩ) than nonpigmented strains (33%) ( Table 3) . Among the sensitive and weakly resistant strains, pigmented and nonpigmented strains were equally distributed.
Within the ␥-proteobacteria, 84% of the strains were nonpigmented. In contrast, all of the strains belonging to the CFB group (n ϭ 13) were pigmented (Table 4) . Of the Rϩϩ ␥-proteobacterial strains, all of the strains belonging to the Pseudoalteromonas and Alteromonas genera were nonpigmented (eight and three isolates, respectively) ( Table 4) . Among the pigmented isolates, we determined that four isolates belonged to the AAnPs (37), including Erythrobacter litoralis, which was sensitive; Roseobacter gallaeciensis and Erythrobacter flavus, which had a medium resistance; and Erythrobacter citreus, which was highly resistant (Table 4) . on October 15, 2017 by guest http://aem.asm.org/ growth of selected marine bacterial isolates was determined under laboratory conditions using a solar simulator. The conditions of exposure were very close to those found in the natural environment from which the bacterial species were isolated. Seven hours of radiation corresponded to two-thirds of the daily dose received by the bacterial community at the air-water interface in the Bay of Banyuls-sur-Mer during a sunny summer day ( Table 1) . The underlying hypothesis of the present study is that the bacterioneuston is more resistant to solar radiation due to adaptive strategies developed in the surface microlayer. However, in the present study, no relationship was found between the sensitivity of the isolates to solar radiation and the biotope from which they were isolated (i.e., the surface microlayer or underlying waters). This suggests that resistance to radiation is well distributed among bacterial species present in the surface microlayer and subsurface waters. Similarly, no significant differences in the inhibition of bacterioneuston and bacterioplankton activity (determined as [ 3 H]leucine incorporation) were observed when natural bacterial communities from the respective environments were exposed to solar radiation (G. J. Herndl, unpublished data). In a 1-year study in the Chesapeake Bay, Bailey et al. (4) found no correlation between the depth of sampling (6 mm and 8.5 m) and the survival of bacteria exposed to surface solar radiation. For the northern Adriatic Sea, Herndl et al. (20) reported that bacterioplankton from near-surface (0.5-m depth) waters of a highly stratified water column were as sensitive to surface UV-B radiation as subpycnocline bacteria (20-m depth). They concluded that adaptive mechanisms against surface solar radiation are not present in near-surface bacterioplankton consortia. Similarly, when investigating the sensitivity of bacteria isolated from various marine environments (i.e., marine snow, sediment, and ambient water) which received different intensities of UV radiation, Arrieta et al. (3) UV sensitivity of the isolates and the environments from which they originated. Although bacterial isolates from the sea surface microlayer do not seem to be more resistant to solar radiation than bacterioplankton isolates, several environmental factors could explain the survival of bacterioneuston exposed to a high level of solar radiation. Exopolysaccharides secreted by bacteria, algae, and other marine organisms accumulate in the surface microlayer (30, 39) . Exopolysaccharides have been reported to provide protection from environmental stresses, such as pH shifts, osmotic shock, desiccation, and UV radiation (10) . Furthermore, the surface microlayer is characterized by higher concentrations of chromophoric dissolved organic matter and particulate organic matter than those in underlying waters (8, 17, 35, 43) . The accumulation of organic matter of different origins in the surface microlayer could provide in situ protection from solar radiation to bacterioneuston. Efficient DNA repair mechanisms likely also account for the high abundance and activity of bacterioneuston.
DISCUSSION
Interspecific variability of resistance to solar radiation. A large variability in the resistance to solar radiation was found among species, but ␥-proteobacteria and CFB bacteria have high contributions to the Rϩ and Rϩϩ classes. Similar results have recently been reported by others (3, 23) . Sunlight could therefore potentially influence the species composition of marine bacterioplankton in surface waters. Within the ␥-Proteobacteria, some genera were dominated by highly resistant isolates. The genera Pseudoalteromonas and Alteromonas contained seven and two highly resistant species, respectively. The fraction of sensitive bacteria was the lowest for the CFB group and ␥-Proteobacteria. This may partly explain the occurrence of these groups in marine surface waters (26) .
The harmful effects of UV-B radiation on DNA are mostly explained in terms of the formation of dimeric photoproducts involving two adjacent pyrimidine bases. Moreover, it was recently suggested that AT (adenine and thymine)-rich DNA contributes to UV damage by enhancing the generation of ROS, which cause oxidative damage (42) . Therefore, as proposed by Singer and Ames (40) , bacteria adapted to sunlight exposure may have evolved a higher guanine-plus-cytosine content (GϩC content) in the DNA to avoid dimeric pyrimidine photoproducts and oxidative damage. Some evidence supporting this hypothesis has been obtained (30, 34) . Kellogg and Paul (25) reported a high correlation between the GϩC contents of marine phage DNAs and the degree of DNA damage. However, we found no correlation between the resistance of bacterial species and their GϩC content. These results are consistent with other observations reported in the literature (13, 23) . Consequently, the most resistant strains may have developed other resistance mechanisms that allow them to survive high doses of UV radiation.
Role of pigmentation in resistance to solar radiation. In contrast to the case in previous studies, UV sensitivity was not related to pigmentation in the present study. Maki (31) and others (19, 34) have suggested that pigments are effective at protecting bacterioneuston against solar radiation. Similarly, Wu et al. (44) reported that a colorless mutant of the extreme halophilic archaebacterium Halobacterium cutirubrum was more sensitive to UV light than the wild-type strains, which possessed bacteriorhodopsin and bacterioruberin, two major carotenoid pigments. For these authors and Mathews and Sistrom (33), carotenoid pigments appeared to contribute to the resistance to UV irradiation. Carotenoids were found to protect microorganisms from UV and visible light damage by quenching triplet-state photosensitizers and ROS (7, 32) . In the surface microlayer of the Black Sea, the number of pigmented cells, primarily yellow, often exceeded that in underlying waters (41) . A significantly higher percentage of pigmented cells, primarily red (i.e., pink, red, or brown), were found in the surface microlayer (52% Ϯ 22%) than in underlying waters (12% Ϯ 7%) for four stations near the Swedish west coast (19) . The larger proportion of pigmented cells may be indirect evidence of resistance to intense solar radiation at the interface. However, this protective effect of pigments was never demonstrated, and the results reported in the present study do not support this hypothesis. The heterogeneity of resistance observed within the AAnPs (aerobic anoxygenic phototrophs) indicates that resistance to solar radiation is not attributable to bacteriochlorophyll a. We observed that most of the highly resistant isolates were nonpigmented strains. Rϩϩ ␥-proteobacterial strains belonging to the Pseudoalteromonas and Alteromonas genera were nonpigmented. Also, Gascon et al. (13) reported that strains of Rhodobacter sphaeroides with high levels of pigment (associated with phototrophic growth) were more sensitive to UV-C irradiation than strains with less pigment (associated with heterotrophic growth). From the present study, there is clear evidence that there is no direct correlation between pigmentation, high solar radiation levels, 
LGC group (n ϭ 13) Conclusion. Our results demonstrate (i) similar distributions of resistant bacterial isolates in the surface microlayer and subsurface waters, (ii) a large interspecific variability of resistance to solar radiation, and (iii) the lack of a direct relationship between pigmentation and the resistance of marine isolates to solar radiation.
Physiological traits such as carotenoids, sunscreen molecules, and polysaccharides could be additional factors determining the resistance of bacteria to solar radiation. The rapid recovery from UV stress of several species, as determined in the present study, should encourage further investigations in order to characterize the mechanisms involved in the resistance of marine bacteria to solar radiation.
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